Emerging applications of transient electromagnetic (TEM) surveys, such as monitoring of groundwater aquifers or tracking fluid movement within petroleum reservoirs, require the acquisition of high resolution time-lapsed (4D) data sets, using three-component receivers to maximize information. However, separating signal from noise in TEM surveys can be difficult, and the magnitude of the time-lapse difference is often on the order of the noise. A method is developed for extracting signal from noisy three-component TEM data sets collected in fixed-loop, multiple-receiver surveys using a novel application of the equivalent source technique. This method takes advantage of the relationship between the three components of the observed decaying magnetic field to improve data contaminated by uncorrelated random noise, such as that due to receiver coil misalignment and location errors. Both synthetic and field three-component TEM data are used to demonstrate the viability of the technique. The results suggest it is feasible to use the method in processing time-lapsed TEM data, allowing for an improved signal to noise ratio in 4D survey data.
INTRODUCTION
Transient, or time-domain, electromagnetics (TEM) is a versatile tool for subsurface exploration and monitoring, with applications in petroleum, mining, and hydrogeophysics. One particular emerging application of TEM is time-lapse (4D) monitoring of ground water aquifers or petroleum reservoirs. Changes over time in the subsurface conductivity structure can be detected by performing multiple data acquisition surveys and interpreting the difference between the resulting data sets (Oldenborger et al., 2007) . This can, for example, provide dynamic monitoring of a heavy oil reservoir (Hu et al., 2008) , track movement in an underground gas storage site (Hördt et al., 2000) , or observe the progress of a carbon dioxide (CO 2 ) sequestration project by examining for leaks in the injection site (Gasperikova et al., 2004) .
Successful time-lapse monitoring requires high-resolution data sets, as differences due to time-varying changes may be small and near the level of noise. Traditional TEM surveys, typically consisting of a series of center-loop soundings, do not utilize the full potential TEM methods and may not be sufficient for timelapse monitoring. Although center-loop surveys are excellent at obtaining the vertical conductivity distribution, they suffer from poor lateral resolution and require a local 1D approximation of the subsurface conductivity structure during interpretation. In contrast, three-component multiple-receiver surveys with a fixedloop transmitter offer higher lateral resolution and spatially dense three dimensional data, which are needed to successfully observe and interpret the time-lapse signal.
Noise in TEM surveys can be roughly divided into four main categories (McCracken et al., 1986; Nabighian and Macnae, 1991) . The first category is general electromagnetic noise, such as that from sferics, wind noise, or power grids. The second category is cultural noise, such as that from power lines, pipes, and fences. The third category is geologic noise, such as that caused by the overburden or magnetic rocks. The fourth category is geometric noise, such as that caused by misalignment of the transmitter-receiver pair, incorrect positioning of the receiver, or variable earth-transmitter coupling. It must also be noted that the instrument itself will generally contribute a small amount of noise to the signal, which will essentially set the minimum noise floor for a given piece of equipment.
A variety of survey design methods and post-acquisition processing techniques have been developed over the years to help reduce and remove the effect of noise on the data, with varying degrees of success (McCracken et al., 1986) . Typical methods of increasing the signal to noise ratio in TEM surveys include smart stacking of the data during acquisition, de-spike filters, running mean filters, and notch and band-pass filters (e.g., Macnae, 1984; Macnae et al., 1984; Spies, 1989; Nabighian and Macnae, 1991) . Although these methods may be useful for removing noise from the first three categories, they are not effective at removing noise due to geometric errors. Geometric noise is uncorrelated in space, but highly correlated in time, making it impossible to remove during data collection. Furthermore, when performing a time-lapse survey for monitoring purposes, additional geometric noise is introduced by differences in survey parameters, such as a change in the locations of transmitters and receivers between surveys. Geometric noise is typically not as pronounced as the other three categories and its effect on the data is often assumed to be inconsequential, but this assumption is not necessarily accurate, as this paper will demonstrate.
We propose a new method for extracting the signal present in a TEM data set containing spatially uncorrelated noise using the equivalent source method (Dampney, 1969) . Specifically, we use the time derivatives of the three-component magnetic field measured in fixed-loop, multiple-receiver TEM surveys. The choice of this particular survey layout is a somewhat artificial restriction, as the method developed is generally applicable to any fixed-transmitter TEM system, but it serves as a suitable demonstration of the method. Equivalent sources allow the reproduction of the signal coherent in each component and consistent among different components. Because each of the three components is produced by a single subsurface current distribution, anything that cannot be reproduced by the equivalent sources is thus considered to be noise. This method is, therefore, ideal for eliminating uncorrelated noise from a data set, precisely such as that caused by misalignment of the three-component receiver coils or error in the location of the receiver, and is complementary to other processing methods such as stacking and de-spiking.
We begin by discussing the methodology behind processing TEM data using the equivalent source method, a technique most often used in potential-field data processing, and describe the construction of equivalent sources within the framework of regularized inversion. To demonstrate the viability of the method, we present two synthetic studies and a field example. The first synthetic study represents a single TEM survey with data containing Gaussian noise as well as noise caused by the rotation of the three-component receiver coils. The second synthetic study simulates a time-lapse TEM survey containing not only Gaussian and rotational noise, but also noise due to error in the receiver locations. Lastly, the method is tested using a field data set acquired through controlled field experiments with prescribed rotational errors.
METHODOLOGY Equivalent source in TEM
We start by showing how the field observed in a TEM survey can be processed using potential-field techniques, specifically the equivalent source method. Though the reduction of the TEM signal into a series of potential field measurements has been known for some time (Macnae, 1984) , we have not found examples in the literature that utilize this technique for the purposes of signal extraction in TEM data. In a fixed-loop TEM survey, we observe the changing magnetic field, oB=ot, by the electromotive force it induces in the receiver coils. Measurements are taken at a series of discrete delay times known as time gates, which are typically logarithmically spaced. For the purposes of this paper, we restrict our data to off-time measurements.
The magnetic field's behavior in general can be described by the diffusion equation under the quasi-static approximation (Ward and Hohmann, 1991) ,
where l is the magnetic permeability and r is the conductivity. The first term of equation 1 represents how the field changes in space, while the second term is the "memory" in the system and describes how the field at previous times affects the measured value of the field at a given time. Our discrete measurements are taken in free air, where the conductivity value is zero, and so the second term of equation 1 goes to zero (Macnae, 1984) . Thus equation 1 reduces to Laplace's equation,
Equation 2 thus states that the B-field we are dealing with at any given instance of time is a harmonic field. Because of this, the value of the measurements taken at any given time are "memoryless" -they depend only on the distribution of electrical current in the subsurface at that particular instant and have no dependence on prior distributions. Furthermore, if a field is harmonic, its time-derivative is also harmonic: r 2 ðoB=otÞ ¼ 0. This implies that the measured fields in TEM surveys can be considered as static potential fields at any specific time of measurement.
This derivation suggests using potential-field techniques to process our TEM data. In particular, we can construct equivalent sources based on the data collected at each time gate. The goal of the equivalent source technique, introduced by Dampney (1969) , is to calculate a fictitious layer of sources lying below the observation surface that can reproduce an observed potential field. If we know the values of the potential field on the boundary of a source-free region, then we can uniquely determine the field anywhere within the region by solving a Dirichlet problem (Kellog, 1954) . Therefore, if we can construct a source distribution that reproduces the field observed on the boundary, then it also must reproduce the field in the source-free region. The equivalent source layer is only a mathematical construct and does not need to match the true current distribution in the subsurface.
Multiple types of equivalent sources are discussed in the literature, such as point dipoles (Bhattacharyya and Chan, 1977) , dipole layers (Hansen and Miyazaki, 1984) , current loops, and thin sheets with constant magnetization (Pedersen, 1991) . Our equivalent source is a discretized layer of rectangular prisms, where each prism has a constant vertical magnetization M (Figure 1) . The prisms have a horizontal extent in the x-and y-direction comparable to the nominal data spacing. Each layer is placed at a particular depth below the observation surface. Given that we form the equivalent source with prisms with finite width and depth extent, their optimal depth is one to two times the normal data spacing. At such a depth, the equivalent source is shallow enough so that its field has sufficient frequency content to reproduce the high-frequency signal in the data, yet deep enough so each prism affects a group of data points, instead of only the one directly above it. We have found that this depth range produces the best results, which is consistent with the conclusions reached by previous authors in gravity and magnetic data processing (Xia and Sprowl, 1991; Li and Oldenburg, 2000) .
The signal from each component of our data is produced from a common subsurface current distribution associated with a particular conductivity structure. In a source-free region such as where our measurements are made, the magnetic field can be described by a scalar potential. The different components of the magnetic field vector are related to each other by linear transformations (Blakely, 1996; Pedersen, 1991) . Together, this implies that the signals in the data maps of the three components of TEM data are linearly related. However, the data for each component also contain noise, and the noise does not obey the same linear relationships. Therefore, if we want to simultaneously process all three components of the data for any one time gate, we must use a single model that can reproduce the signal in all components. We use our equivalent sources as these models, as the equivalent sources will reproduce only the signal common to all three components. Any part of the data not reproduced by the equivalent source model is considered noise and discarded. This may include noise due to rotation of the receivers with respect to the transmitter loop, noise caused by incorrect positioning of the receiver, or noise due to localized near-surface geological features.
The equivalent source method as a postacquisition processing technique is nearly always superior at removing uncorrelated noise from the data compared to mathematical filters, such as low-pass or band-pass filters. Such filters do not take into account the physics behind the data and tend to remove some of the signal along with noise. Furthermore, data are often measured on an irregular grid with a limited spatial extent, and conventional filtering methods are not applicable without heavy manipulation of the data such as gridding. In contrast, the equivalent source can easily handle arbitrarily located data.
Equivalent source construction
The relationship between the observed data and the equivalent source values is linear,
where d obs denotes the observed data,
T , and p is the number of observation points.
The total number of data is N ¼ 3 Ã p. The matrix G is the sensitivity matrix, which describes the relation between sources and observations, and whose elements g ij define the contribution of the jth model cell to the ith datum. The specific expression of the sensitivity matrix is dependent on the type of equivalent source used. Because our equivalent source is composed of cuboidal prisms with constant vertical magnetization, we use a formulation for G based on Sharma (1966) . The vector m represents the magnetization values of the M prisms in the equivalent source layer that we seek to construct. These values are linearly related to the measured derivatives of the magnetic field. To reduce edge effects, we expand the equivalent source layer to at least 1.5 times the dimension of the data area in each direction. This introduces more source parameters than data M > N ð Þ , which creates an underdetermined problem.
The observed data contain both signal and noise; therefore, our goal is to create an equivalent source that will reproduce only the data and not the noise. We accomplish this by formulating the construction as a linear inverse problem and solving it using Tikhonov regularization. Within this context, we shall refer to the equivalent source as the model. Thus, the problem becomes one of minimizing a global function U such that
The data misfit / d , which measures the difference between the observed and the predicted data, is defined by
where W d is a diagonal data weighting matrix, N Â N in size, which normalizes each datum by the standard deviation of its error (Menke, 1989) . For our problem, the standard deviations are unknown, so we estimate a relative error level for each component, based on its standard deviation, to form the data weighting matrix. Here, Á k k indicates the ' 2 norm of a vector. Because the geometric noise in the data has a limited error range and its distribution is not likely to be long-tailed, the use of an ' 2 norm is appropriate. The model objective function / m quantifies structure in the equivalent sources and is defined by
where W m is a model weighting matrix that combines a smallest model measure and a measure of horizontal flatness in the x-and y-directions, and where m ref is a reference model (Hansen, 1998) . In many cases this reference model will be zero. However, when processing the data from a time-lapse survey, the reference model should be the equivalent source constructed for data from an earlier survey. The regularization parameter b determines the trade-off between the reproduction of the data and the complexity of the constructed equivalent sources. In general, the value of b must be consistent with the data noise level. In instances where the noise level is known, the regularization parameter could be chosen using methods such as the discrepancy principle (Parker, 1994) . For the de-noising problem, the noise level is not known a priori, as it is precisely what we attempt to estimate through this process. Instead, we must resort to indirect methods in linear inverse techniques to estimate b, which is equivalent to estimating the overall level of noise. Specifically, we use the L-curve method (Hansen, 1992) to calculate an optimal b value. Other methods, such as the generalized cross-validation method, or GCV (Wahba, Figure 1 . A representation of the type of equivalent source used in this method. It is composed of a layer of rectangular prisms, each with a particular constant vertical magnetization. This layer lies below the observation surface. The observation surface is represented as a plane, with the transmitter loop given by the dashed lines and x denoting sample receiver positions.
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Processing 4D TEM with equivalent sources 1990), could also be used. However, the L-curve method is simple to implement, efficient, and tends to be more robust than the GCV method (Hansen and O'Leary, 1993) .
We solve equation 4 with a sequence of different b values, using a linear conjugate gradient technique with a stringent stopping criterion (for example, that the ratio of the residual norm to the data norm must be less than 10 À8 ). Once we have determined the optimal b value, we can solve equation 4 again to generate the optimal equivalent source model. Using this equivalent source, we evaluate equation 3 and generate a set of de-noised data. The difference between the observed data and the de-noised data will yield the noise estimate (Li, 2001) . This method is then repeated for each time gate, recalculating the b value each time, to generate multiple equivalent sources and a full set of de-noised data.
So far, we have justified the use of the equivalent source technique to help process TEM data, detailed the form of the equivalent sources used, and explained how such equivalent sources are calculated. In the next sections, we will demonstrate the use of the equivalent source technique to extract signal for both synthetic and field data contaminated with uncorrelated noise.
SYNTHETIC EXAMPLES
We test our method using numerical simulations of two TEM surveys. A single synthetic survey is designed to show the effectiveness of the equivalent source method at extracting signal from TEM data with uncorrelated noise. The second synthetic survey is designed in conjunction with the first to create a timelapse survey, and demonstrates that the equivalent source method can be used to extract interpretable signal in 4D surveys.
Single synthetic survey
We devised a 3D synthetic model of a conductive block 10 Xm ð Þ , 150 m by 150 m in horizontal extent, 75 m deep and 50 m thick, in a background of 50 Xm. A 300 m Â 300 m square transmitter loop was centered about the origin, and receivers were placed on a grid at every 25 m, with the exception of points coinciding with the transmitter loop. This grid extended out to 6300 m from the center of the transmitter loop. Data at receiver stations were forward modeled for 30 time gates, ranging from 36 ls to 28 ms, using the UBC-GIF program EH3DTD (Haber et al., 2004) . Two types of noise were then added on a per-receiver basis: rotational noise and random Gaussian noise with a constant standard deviation equal to 10% of the data maximum for each time gate.
Rotational noise was added to simulate the effects of misalignment in three-component sensors with respect to the transmitter coil. If the sensor coils are misaligned with the specified coordinate direction (typically parallel or perpendicular to sides of a square transmitter loop), both the x-and y-components of the sensor measure parts of the other components of the changing magnetic field. We assume that the sensor would rotate about the z-axis with a range of 610
, though some models of receiver coils with a built-in compass may have better accuracy in horizontal orientation. In practice, it is often easier to correctly align the vertical component than the horizontal components, so rotation about the x-or y-axis is not simulated here. The results of the equivalent source construction for a measurement time of 0.525 ms (corresponding to time gate 13) are shown in Figure 2 . This time gate is chosen for display as it shows the response of the conductive block most clearly. We observe that the equivalent source method has removed the majority of the noise from the data and successfully reproduced the signal. Figure 3 shows the comparison of the true and estimated noise for the z-component of synthetic data shown in Figure 1 . In Figure 3 , we observe that the difference between the true Figure 2 . Illustration of the equivalent-source processing using a synthetic example. The top row shows clean data (a-c representing the x-, y-, and z-components respectively) for a delay time of 0.525 ms (corresponding to time gate 13). The second row shows data contaminated with 10% Gaussian noise and rotational noise. These data are processed using the equivalent source algorithm using a zero reference model, and the resulting de-noised data for each component are shown in the third row. The cross indicates the location from which time curves are extracted in Figure 5 . and estimated noise is small compared to the total amplitude of the noise. We can also calculate the root mean squared (rms) error of the data sets compared to the clean data, and find that the algorithm reduces the rms error by approximately 44% for all measurements at any given time gate for this data set. Figure 4a shows the Tikhonov curve used to obtain an optimal regularization parameter, and Figure 4b shows the equivalent source model created to produce the de-noised data.
Further demonstration of the improvement in de-noising can be seen in the representative time curves shown in Figure 5 . The time curves show that, in general, the equivalent source is able to improve a noisy signal while not introducing additional noise into clean signal. Although the algorithm does not consistently extract all the noise from each of the three components, it is able to reduce the rms error from the true signal by approximately 36% on average for any given receiver location for this data set. Having thus established that the equivalent source method produces results for a single synthetic survey, we next turn our attention to its application to time-lapse surveys.
Time lapse synthetic survey
There is a significant increase in the possible sources of error in a time-lapse TEM survey compared to a single survey. In addition to the noise commonly encountered in a single survey, various parameters may be unintentionally altered between surveys. For example, there may be differences in the current waveforms, changes in near surface properties, or new sources of cultural noise. Changes in these parameters can cause difficulties in calculating a correct time-lapse signal (Hördt et al., 2000) . For testing the equivalent source method, the parameter of interest is the varying location and orientation of the receiver coils between surveys.
Although receiver coil locations can be mapped fairly precisely using GPS or physical markers established in the initial survey, it is not always guaranteed that in resurveying the site the exact receiver locations will be reoccupied. If the locations of the receiver coils are not constant between two surveys, the residuals between the data sets will no longer represent only changes due to the subsurface conductivity structure. Depending on the dimensions of the survey and the depth of the target, a displacement of the receiver coils by 1% of the transmitter-receiver spacing may be enough to introduce significant noise (McCracken et al., 1986) .
Statistically, if uncorrelated noise affects both surveys, the standard deviation of the time-lapse response will be greater than the standard deviations of individual noise components (Walpole and Myers, 1985) . The equivalent source method is ideal in helping process time-lapse data, as it can be used to estimate and remove uncorrelated noise. Two approaches can be used. First, by processing each set of data using equivalent sources and then differencing the resulting de-noised data sets, we treat the noise for each data set separately. We are, therefore, less prone to introducing artifacts in our interpretation compared to the direct differencing of noisy time-lapse data (Routh and Anno, 2008) . Alternatively, we can apply the equivalent source processing to de-noise the directly differenced time-lapse data, so long as the observation locations are repeated. However, the subtraction of two noisy sets of data will decrease the SNR, and it is likely that the equivalent source procedure will produce inferior results in such a case as compared to applying the equivalent source individually. We examine both in the following.
To simulate a time-lapse survey, we modified the synthetic conductivity model from the first example and extended the conductive layer by 150 m to the south, doubling its extension in the y-direction. This scenario could represent, for instance, an aquifer storage and recovery process where added water has expanded in volume over time, or a brine injection into a Figure 4 . (a) A sample Tikhonov curve used to determine the optimal data misfit value using an L-curve criterion in the processing of data shown in Figure 2 formation over an extended period. Data were again generated for 30 time gates. To simulate location error, we perturbed the receiver positions from the previous synthetic survey by a random amount between 65 m in both the x-and the y-direction, but assumed that they occupied the same locations as in the previous survey. We further added Gaussian and rotational noise to the data as before. To process this second set of data, we used the same method as in the first synthetic survey, with the exception of using the equivalent sources constructed from the first survey as a reference model, m ref . After processing, the two calculated data sets were differenced and the results were compared with the residuals of the clean and the noisy synthetic data sets.
The results of the procedure for a measurement time of 0.525 ms are shown in Figure 6 . The equivalent source method reproduces the true changes between the data sets, with major features in the correct places and on the correct scale. Although it does not recreate the true residual perfectly, it is a much improved result over simple subtraction of the observed data. This noisy residual (shown in the second row of Figure 6 ) has an incorrect amplitude and is much more difficult to interpret than the residual produced with the equivalent source.
As mentioned earlier, it is possible to apply the equivalent source to the differenced noisy data directly, rather than individually before subtraction. Figure 7 compares the results from applying the equivalent source to noisy data sets individually and then subtracting, with subtracting the noisy data first and then applying the equivalent source to the differences. All elements of the equivalent source procedure, including depth, thickness, and spacing of the equivalent source, were held constant between the applications. The difference between the two results for each of the three components (x, y, and z) is at most 5%. The results in this case are so similar because the characteristics of the noise in the two synthetic data sets are sufficiently analogous. In general, however, the practicability Figure 5 . Representative time curves for each component of the synthetic clean, noisy, and de-noised data. The equivalent source method is capable of improving signal when noise is present, and does not add noise when none is present. On average, the de-noised data is approximately a 36% improvement over the noisy data. Figure 6 . An example illustrating the processing of time-lapsed TEM data using the proposed equivalent source technique. The three panels in the top row (a, b, and c, with each column representing the x-, y-and z-components respectively) display the differences in accurate three-component data simulated at two different points in time, i.e., time-lapse signal. The data from delay time 0.525 ms are shown. The second row (d, e, and f) displays the time-lapse data obtained by directly subtracting two noisy data sets. The bottom row (g, h, and i) displays the timelapse data obtained through equivalent source processing. Note that the x-and y-columns share the same scale, while the z-component column has a different scale.
of applying the equivalent source directly to the data difference will be highly data dependent.
FIELD EXPERIMENT
To test the method with field data, we performed a fixed-loop survey at a test site in Arvada, Colorado, in October 2008. The site is flat and free of visible potential sources of cultural noise. The purpose of this survey was to produce a sample data set with a controlled noise source and a high spatial resolution. The actual inversion and interpretation of the data for geologic structure was, thus, not the objective of the survey.
Two surveys were conducted simultaneously to minimize uncontrolled noise sources. At each receiver location, a first reading was taken with the three-component receiver aligned correctly with respect to the transmitter loop. Once that reading was completed, the receiver was rotated about the z-axis by a predetermined random amount between 65 to introduce uncorrelated error and a second reading was taken. A Geonics PRO-TEM receiver was used with an EM-47 transmitter, with a transmitter loop size of 50 Â 50 m. Receivers were spaced every 10 m in a grid, including the center of the transmitter loop. In total, data were taken at 90 stations. The station and transmitter loop layout are shown in Figure 8 , with the exact receiver locations determined through physical measurement. We chose to take readings at 20 time gates, ranging from 6.85 ms to 701 ms with a transmitter repetition rate of 7.5 Hz. After collection, the data containing orientation errors were processed using the equivalent source method, but no other processing was done to either set of data. Figure 9 compares the noise calculated from simple subtraction of the two observed data sets with the expected noise calculated by applying rotation to the correctly aligned data. The figure shows results for the fourth time gate (15.72 ms). The patterns are similar, although not exactly the same, and the observed noise has an overall higher magnitude than the expected noise. The difference indicates that additional noise beyond that due to the rotation of the receiver coils exists in the data. Figure 7 . A comparison of applying the equivalent source to noisy synthetic data sets individually and subtracting the results (a, b, and c, with each column representing the x-, y-, and z-components respectively), to applying the equivalent source after two noisy synthetic data sets have been differenced (d, e, and f). In g, h, and i, the difference is seen between the top two rows, which is at most 5% of the de-noised data. The similarity in the results is likely due to comparable noise characteristics in each synthetic data set. The observed noise present in the field data, compared with the expected noise calculated by applying rotation to the correctly aligned field data. The observed noise and the calculated noise are similar, though the actual noise tends to have a higher absolute magnitude. The difference between the observed and expected reveals the presence of additional, correlated noise in the observed data.
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Processing 4D TEM with equivalent sources Figure 10 shows the representative time curves for each component of the aligned, misaligned, and de-noised field data from Leyden, while the results of applying the method to the data from the fourth time gate are shown in Figure 11 . The first row consists of the data from the correctly aligned receiver, for the x-, y-, and z-component. The second row consists of the data from the incorrectly aligned receiver. The amplitudes of the data in the x-component are incorrect, and the pattern of the data in the y-component is disrupted. As expected, the z-component shows little change, since the z-component of the receiver was not changed to induce noise between surveys. The third row shows the results of applying the equivalent source method to the noisy data of the second row. The amplitudes of the data in the x-component are now corrected, though the shape is disrupted. The pattern of the signal in the y-component is restored, and the z-component corresponds well to the observed signal from the correctly aligned receiver. Figure 12 compares the difference between the two observed data sets with that between the rotated observations and the de-noised data. Again, although not exactly the same, they share key features both in pattern and in amplitude for both horizontal components. The method produces less change in the z-component than what is present in the observed data, likely due to the lack of rotational noise present in the z-component. We see from the time curves in Figure 10 that the equivalent source tends to reduce the amount of noise present in observed data, most noticeable in the x-and y-component data. The zcomponent data show little if any difference between the aligned and misaligned data, as expected, and as such we see no difference in the de-noised data predicted by the equivalent source. Figure 10 . Representative time curves for each component of the aligned, misaligned, and de-noised field data from Leyden. The de-noised data produced by the equivalent source improves the noisy x-and y-component data and accurately reproduces the rotation-invariant z-component data. Figure 11 . Comparison between the correctly aligned field data (a, b, and c, with each column representing the x-, y-, and z-components respectively), the misaligned field data (d, e, and f), and the results of applying the equivalent source technique to the misaligned field data (g, h, and i). The equivalent source technique produces an improved signal compared to the misaligned data. The cross indicates the location from which time curves are extracted in Figure 10 
CONCLUSIONS
We have developed a technique for using equivalent source to process TEM data contaminated by noise caused by location and orientation errors of receivers. The method applies to fixed-loop TEM surveys that have multiple receiver stations located above ground that measure the three orthogonal components of the decay of the magnetic field. We can thus take advantage of the "memoryless" nature of the signal measured in free-air and construct an equivalent source layer for each time intersect. The equivalent source layer utilizes the underlying physics of the three components of data and reproduces only the parts of the signal that fit all three components simultaneously, removing noise such as that caused by errors in location or orientation of the receiver coils.
The validity and effectiveness of the method were illustrated by applying it to two synthetic surveys: a fixed-loop, multiplereceiver survey and a time-lapse version of the same survey. In both cases, the method produced de-noised data that showed significant reduction in noise and a good reproduction of the true signal. The method was also applied to a set of experimental data collected in the field. Two sets of data were acquired concurrently, with one set collected with correctly aligned receivers and the other set containing noise primarily due to a predetermined random misalignment of the receivers. Application of the equivalent source technique to the noisy data set yielded de-noised data that are in agreement with the correctly aligned measured signal.
Given that a majority of electromagnetic induction data in applied geophysics satisfies the quasi-static approximation and has a measured field that is Laplacian in the air, the possibility exists to extend the applicability of our method to other types of electromagnetic surveys. These could include, for instance, magnetotelluric and controlled source audio-magnetotelluric methods.
